A strategy for producing highly ductile electrodeposited bulk nanocrystalline metals with face-centered cubic structures was developed in a NiW alloy model system. Bulk nanocrystalline NiW alloys with similar grain size (2030 nm), and varying crystallographic orientations were produced. The electrodeposited alloys showed tensile elongation ranging between 0 and 13%. Scanning ion microscopy reveled that all electrodeposited alloys had similar meso-scale structures that are typical of electrodeposited metals. This indicated the variation of ductility and fracture surfaces was not caused by cluster structures filled with nano-grains. The tensile behavior of the bulk nanocrystalline NiW alloys could be explained by considering the effects of growth processes during electrodeposition on the presence of hydrogen and defects. Our discussion surrounding NiW alloys outlines the conditions necessary to obtain the high tensile ductility. Our findings are in good agreement with those for other electrodeposited nanocrystalline face-centered cubic metals. We also provide guidelines for selecting electrodeposition conditions to produce bulk nanocrystalline metals with face-centered cubic structures and high tensile ductility.
Introduction
The mechanical behavior of nanocrystalline materials with grain size less than 100 nm has received extensive research attention. 1, 2) In particular, electrodeposition processes have been developed to produce nanocrystalline metals, 3) and are used for fabrication of bulk samples for mechanical testing. 48) Previous studies on mechanical properties have revealed strengthening behavior in polycrystalline metals, and also provided a deeper understanding of the grain size (HallPetch) effect 912) and solid solution strengthening effect 13, 14) in the nanocrystalline regime. By contrast, ductility remains less well understood, and most nanocrystalline metals do not exhibit high ductility and perform poorly in tensile tests. 1518 ) Two major problems have been identified as limiting the tensile ductility of these materials. Ma 19) pointed out that nanocrystalline samples are typically very small and thin (<50 µm). Thus, minor flaws and surface and roughness could promote the formation of cracks. Koch et al. 20, 21) pointed to the difficulty of obtaining artifact-free bulk samples. The fabrication conditions required to produce nanocrystalline metals induce defects, high internal stresses, and high levels of impurities. Despite these problems some recent studies show that good tensile ductility, around 5 10%, combined with a high strength, can be realized in electrodeposited nanocrystalline metals. 68, 22) An investigation of the effect of thickness on ductility, answered the problem identified by Ma: 19) bulk specimens with thickness greater than a millimeter are required to evaluate intrinsic ductility. 22) However, there remains no solution to the problems identified by Koch et al., 20, 21) in terms of achieving electrodeposited artifact-free bulk nanocrystalline metals which have high tensile ductility.
In previous studies, 2325) we developed a new sulfamate bath that contained saccharin sodium as a stress reliever and propionic acid and sodium gluconate as a complexing agent (SPG bath) for bulk nanocrystalline NiW alloys and evaluated their mechanical properties. In tensile tests our bulk electrodeposited samples showed a range of plastic deformation behaviors (013%). In addition, this tensile ductility was linked to strong orientation of the (200) plane. Amblard et al. 26) have reported that the orientation of electrodeposited Ni strongly depends on the growth modes during an electrodeposition. Furthermore, electrodeposited metals have mesoscale structures 27, 28) which are orders of magnitude larger than the nano-scale grains, and these structures may change depending on the growth mode. 26) However, there has been little study on the effect growth mode on tensile ductility of electrodeposited bulk nanocrystalline metals. Therefore, the aim of this study is to investigate the effect of growth conditions on the meso-and micro-structures of electrodeposited bulk nanocrystalline samples during electrodeposition, to guide artifact-free synthesis of bulk nanocrystalline metals.
Materials and Method
Four bulk samples of nanocrystalline NiW alloys with different textures were electrodeposited by varying electrodeposition conditions. Two types of SPG bath (LS and HS) having different saccharin sodium contents were prepared with details of the bath compositions given in Table 1 . We assigned the following labels to samples, corresponding to different electrodeposition conditions: "LS50", "LS60", "HS45", and "HS50-1L". The bath temperatures were maintained at 45, 50, or 60 « 0.5°C using a heater with a proportional integral derivative controller. Samples LS50, LS60, and HS45 were electrodeposited using a 5-L bath system, while sample HS50-1L was electrodeposited using a 1-L beaker system. The 1-L and 5-L systems differ in terms of solutions agitation, as has been fully described in our previous papers. 23, 25) All samples were deposited onto copper substrates of commercial purity using two counter electrodes of titanium baskets with nickel plates (99.98%) and tungsten rods (99.95%). All electrodeposition was performed at a current density of 30 mA/cm 2 and at pH 4.0 « 0.1. The pH values of the solutions were maintained by adding drops of 1.0 mol/L sulfamic acid and 5.0 mol/L sodium hydroxide.
The tungsten content of the electrodeposited NiW alloys was measured by scanning electron microscopy with energydispersive X-ray spectrometry analysis (SEMEDS, Hitachi S-4800). Carbon and sulfur contents were quantified by infrared (IR) absorption. Hydrogen content was quantified by a thermal conductivity technique. The results of these analyses are listed in Table 2 . To determine preferential orientation of the films, X-ray diffraction (XRD, Rigaku Ultima IV) spectra were measured using CuK¡ radiation. Meso-scale structures of electrodeposits were observed by scanning ion microscopy (SIM, Hitachi NB-5000), operated at 40 kV. To prepare transmission electron microscopy (TEM) specimens, thin foil specimens of 3 mm diameter were fabricated by a twin-jet polishing technique using a nitric acidmethanol solution (20% by volume of HNO 3 ) at ¹30°C and 15 V. The TEM specimens were examined using a JEOL JEM-2100F, operated at 200 kV for microstructure observations. Dog-bone specimens with a gauge length of 12 mm, width of 4.0 mm, and thickness of approximately 1.0 mm were machined for tensile tests by electrical discharge machining from the as-deposited plates. Tensile tests were performed at a strain rate of 1 © 10 ¹3 s ¹1 and at room temperature. The strain during tensile tests was measured by the strain gauge bonded to the specimen whose maximum measured value was 5.0%. The plastic elongation of the specimen after fracture was measured by the change in the gauge length. After tensile tests, the gauge sections and fracture surfaces were examined by SEM. Dimple size distributions were determined using image analysis software, ImageJ (National Institute of Health, MD, USA) on several SEM images by calculating equivalent circle diameters of at least 500 dimples for each sample.
Results

Electrodeposition for NiW alloys
In total, four bulk specimens with W content ranging from 1.0 to 5.3 at% were prepared by electrodeposition using our SPG baths under various conditions. Electrodeposited materials often contain impurities such as carbon and sulfur. The carbon and sulfur contents were measured by IR absorption, and the results are given in Table 2 . Although, these impurities can affect the resultant mechanical strength 13, 29) and ductility, 30, 31) the carbon and sulfur contents were similar among the electrodeposited alloy samples in this study. This means that the effect of impurities on the tensile properties was similar among the test samples. All electrodeposition for this study showed a high current efficiency of ³90%. Figure 1 compares the relationship between the current efficiency of the deposition bath and the W content of the electrodeposited alloys for previous studies, 3235) and with the results of this current study. Conventional electrodeposition processes for NiW alloys use a large amount of citric acid as a complexing agent, 36) and generally show low current efficiency around 3040%. 33) No increase of current efficiency was observed using conventional electrodeposition processes despite decreases in the W content of electrodeposits, 34) as is shown by the open triangle in Fig. 1 . In contrast, a deposition bath using triethanolamine and glycine in addition to citric acid showed an increased current efficiency around 85%, 33) shown by the open squares in Fig. 1 . In this study, further improvements of current efficiency were achieved by using propionic acid and sodium gluconate as alternative complexing agents to citric acid. This increased current efficiency and allowed for bulk NiW alloys with a millimeter thickness to be effectively electrodeposited. Additionally, the high current efficiency may be expected to reduce defects in the samples. Low current efficiency can be attributed to evolution of gaseous hydrogen, 33, 37) which behaves as a growth inhibitor that generates internal stresses and nano-cracks in the electrodeposits. Additionally, the local hydroxide ion concentration increases in the deposition bath.
Characterization of electrodeposited NiW alloys
XRD patterns of each sample revealed a single facecentered cubic structure (fcc). The orientation index is a measure of the relative intensity of each of the characteristic XRD peaks compared with a randomly oriented nickel powder standard from International Centre for Diffraction Data database. This relative intensity is used to determine the preferred orientation of the nanocrystalline NiW alloys. Orientation indices were calculated using the XRD patterns for each sample and the indices I 111 , I 200 , and I 220 are given in Table 3 . The crystal orientation of the electrodeposited alloys could be changed by varying the bath temperature. Increasing the bath temperature from 45 to 50°C changed the orientation from a (111) to a (200) orientation. Further increasing the bath temperature to 60°C resulted in a (220) oriented structure.
The grain sizes of samples LS50, LS60, HS45, and HS50-1L, estimated from the XRD peak width using the Scherrer relationship are included in Table 3 . Bright-filed TEM images of each sample, are shown in Fig. 2 and indicate nanostructuring with grain sizes around 1030 nm, which is comparable to the sizes calculated from XRD peak widths.
Tensile behavior measurements
Stressstrain curves of samples HS45, HS50-1L, and LS50 are shown in Fig. 3(a) . Sample LS60 showed many cracks on the surface and was too brittle for the tensile test, as shown in Fig. 3(b) . The plastic elongation of the specimen after fracture was measured by the change in the gauge length, and the results are summarized in Table 3 . Samples HS45, HS50-1L, and LS50 exhibited a plastic elongation of 1.7%, 4.6%, and 13.4%, respectively. (The elongation of sample LS60, which was too brittle for the tensile test, was considered 0%) ( Fig. 3 (a) Representative tensile stressstrain curves of samples HS45, HS50-1L, and LS50. The strain during tensile tests was measured by the strain gauge bonded to the specimen whose maximum measured value was 5.0%. The photograph shows the actual specimens of sample LS50 before and after the tensile fracture. The sample LS60 was too brittle to conduct tensile, as shown in Fig. 3(b) . The curves of samples HS45, HS50-1L, and LS50 originally appeared in in our previous reports, 24, 25, 43) respectively. The photograph of sample LS50 originally appeared in in our previous report. A clear elongation and necking are observed in the sample LS50, which had a high ductility of 13.4% (Fig. 3(a) and (e)). Figure 4 shows the fracture surfaces of the electrodeposited alloys. The fracture surface of each sample consisted of dimple structures (Fig. 4(a)(c) ). The dimple size distributions analyzed by ImageJ are also shown in Fig. 4 . The average dimple size of the samples HS45, HS50-1L, and LS50 were 210 « 175 nm, 588 « 429, and 275 « 140 nm, respectively. The error values correspond to standard deviations. Sample HS45 (Fig. 4(d) ) showed a significant feature in the distribution as a primary broad peak in the 50 to 125 nm range, which is several times the grain size of the sample in the as-deposited state. The fracture surface of sample HS50-1L (Fig. 4(e) ) mainly consisted of microdimples with size in the range 13 µm. Sample LS50 (Fig. 4(f ) ) showed a significant feature as a primary broad peak in the 125 to 250 nm range, which is approximately ten times the grain size.
Discussion
Meso-scale structure observation
Electrodeposited metals frequently consist of meso-scale structures filled with nanosized grains. 28, 3840) It is not clear whether the meso-scale structures have an effect on the ductility and fracture surfaces of electrodeposited metals. The meso-scale structural evolution of bulk nanocrystalline NiW alloys with different initial-crystal orientation was studied by SIM, shown in Figs. 5 and 6. The contrast in the images arises from changes in the grain orientations that cause variations in ion channeling efficiency. These observations indicated that all samples had a fine-grained equiaxed structure. No coarse-grained columnar structures with highly anisotropic grains were formed, as is typically observed in polycrystalline electrodeposits.
3) The SIM images taken from the area close to the substrate (Fig. 5(a)(d) ) and the area close to the surface (Fig. 5(e)(h) ) indicate that the mesoscale structures are uniform for the bulk nanocrystalline Ni W alloys along the growth direction. Further high resolution SIM observations indicate that all bulk nanocrystalline NiW alloys had similar meso-scale structures that consisted of around 300 nm grain clusters (Fig. 6 ). This indicates that the variation of ductility and fracture surfaces in bulk nanocrystalline NiW alloys does not result from their meso-scale structures.
Growth mode during an electrodeposition
In previous studies, a relationship between the tensile elongation and the orientation index of the (200) plane in bulk nanocrystalline NiW alloys electrodeposited from an SPG bath was observed. 25) Additionally, Amblard et al. 26) reported that the orientation of electrodeposited Ni reflects the mode of crystal growth during electrodeposition. They also proposed that the (111), (100), and (110) textures of electrodeposited Ni were attributed to inhibited lateral growth, free lateral growth, and out-growth, respectively. These models of growth modes proposed by Amblard et al. 26) are represented by schematic illustrations in Fig. 7(a)(c) . We assessed the applicability of these models to NiW electrodeposition in this study considering the hydrogen content of our electrodeposits. Quantitative analyses are shown in Table 2 . Sample LS60 with a strong (220) orientation, was believed most likely to absorb hydrogen atoms during electrodeposition (Fig. 7(a) ), and showed the highest hydrogen content of 0.43 at%. Sample HS45 with a strong (111) orientation, likely experienced inhibition by gaseous hydrogen (Fig. 7(b) ) during growth and had the second highest hydrogen content of 0.04 at%. Samples HS50-1L and LS50 with strong (200) orientations, likely experienced uninhibited growth during electrodeposition ( Fig. 7(c) ), and had the lowest hydrogen content of 0.02 at%. The hydrogen content trend in our bulk nanocrystalline Ni W alloys is in good agreement with that expected from the growth models of Amblard et al., 26) and similar growth modes were observed during NiW electrodeposition in this study.
In the case of an inhibited out-growth mode, hydrogen ions are formed at the cathode surface and become involved in side reactions during electrodeposition (Fig. 7(a) ). Codeposition of adsorbed hydrogen can also occur producing a misfit strain field in the NiW alloys. Moreover, the hydrogen acts as a embrittler for Ni grain boundaries.
41) The combination of large internal stress and the reduced grain boundary bonding may result in micro-cracking of the electrodeposits (Fig. 3(b) ) occurring during deposition itself. In the case of an inhibited lateral growth mode, gaseous hydrogen behaves as an inhibitor (Fig. 7(b) ). It is likely that co-deposition of gaseous hydrogen followed its release introduces internal tensile stress 33) and nano-cracks. To confirm this we performed, cross-sectional TEM observations of sample HS45 in its as-deposited state. Figure 8 indicates that sample HS45 having a (111) orientated structure contained nano-cracks along with grain boundaries in the as-deposited state. These are preferred sites for crack initiation. The nano-cracks develop and combine with each other during tensile loading. 8) The development of these nano-cracks into micro-cracks limited the elongation of the sample HS45 to its low value of 1.7%. Moreover, growth of nano-cracks along with grain boundaries resulted in the observed fracture surface texture consisting of voids that were several times the grain size of the sample in the asdeposited state (Fig. 4(d) ). Thus, the fracture surface of sample HS45 exhibited the dimple-like features despite the low elongation to failure.
In the case of a free lateral growth mode, no hydrogen inhibition occurred during electrodeposition (Fig. 7(c) ), and no nano-and micro-cracks were formed. We could not identify any nano-cracks in cross-sectional TEM observations of sample LS50, which demonstrated a high elongation of 13%. Therefore, we conclude that artifact-free bulk nanocrystalline metals can be electrodeposited through free lateral growth modes.
Comparison of electrodeposition parameters influ-
encing tensile ductility Erb and co-workers 6, 22) conducted detailed investigations of the effect of specimen size on tensile ductility of electrodeposited nanocrystalline Ni and Ni alloys. These reports indicated that a specimen thickness of at least 1 mm is required to evaluate intrinsic ductility. This study also indicated that a free lateral growth process during electrodeposition can produce specimens with no defects that exhibit high tensile ductility. Based on these results, samples with a thickness on the order of millimeters, grown by a free lateral mode are identified as important conditions for production of highly ductile nanocrystalline metals.
The free lateral growth process during electrodeposition produces (200) orientated structures for Ni 26) and the NiW alloys for this study. Thus, for electrodeposited metals with fcc structures, it may be expected that sample thickness and XRD measurements can be used to determine if an electrodeposited metal will exhibit a high tensile ductility. To assess the validity of these techniques we compared previously published tensile ductility data of electrodeposited nanocrystalline metals with fcc structures in Table 4 . Various ductility values in the range 015% have been reported. Table 4 shows that there is no correlation between the tensile ductility and grain size of the reported nanocrystalline metals. Additionally, bulk nanocrystalline Ni 42) and NiW alloys, 43) with a thickness of ³1.0 mm but no strong (200) orientation, exhibited low tensile ductility around ³3%. Nanocrystalline Ni 44) and NiCo alloys 45) with oriented (200) structures but sub-millimeter thickness also showed low tensile ductility of ³3%. In contrast, the nanocrystalline metals that exhibited a good tensile ductility greater than 5% had high thickness and strongly (200) orientated structures. 6, 7, 42) A similar relationship between tensile ductility, and thickness and orientation is apparent for electrodeposited Cu 46) and Al, 47) although there are few reports which describe the thickness, XRD patterns, and tensile ductility. The agreement between previous findings and our experimental data together indicate the common features of electrodeposited nanocrystalline metals with fcc structures and high tensile ductility.
There are fewer reports available on electrodeposited metals with body-centered cubic or hexagonal close-packed structures than electrodeposited metals with fcc structures. To assess the applicability of these conditions to a wider range of electrodeposited nanocrystalline metals, further studies are needed to address the relationships between orientation and the growth modes and to measure the tensile properties of metals such as ¡-Fe and Co.
Design principles for achieving high ductility
We have shown that defect free samples that achieve high tensile ductility and strength are obtainable from a free lateral growth mode. We discuss our observations of the connection between electrodeposition parameters and the growth mode (or orientation) to outline design principles for the producing bulk nanocrystalline metals with high strength and high ductility. Figure 9 shows a correlation chart that illustrates how electrodeposition parameters affect growth mode during electrodeposition in terms of orientation of the resulting electrodeposits. Figure 9 was designed based on the assumption that the deposition system has a sufficiently high current efficiency. Current density can be classified into low, medium, and high current density ranges. The applied current density is reflected in the current efficiency: low and high current densities result in relative low and high current efficiency, respectively, compared with that of a medium current density. A low current density favors the adsorption of hydrogen, which disrupts the electrodeposition reaction ( Fig. 7(a) ) and decreases current efficiency. Excessively high current density results in evolution of gaseous hydrogen and increases the hydroxide ion concentration, as follows:
. These side reactions also give rise to co-deposition of gaseous hydrogen and hydroxide. The inclusion of these impurities results in a slight increase in the weight of the electrodeposits and an apparently higher current efficiency. The stepwise transitions that occur with increasing current density shown Fig. 9 have also been observed in other reports. 32, 48) For this reason, the quality of electrodeposited metals cannot be determined solely from the current efficiency of the deposition bath.
A medium current density region that stimulates only the deposition reaction is required for the free lateral growth mode. This region is limited by the rate of the deposition reaction, where the metal (M) is limited by diffusion of M Z+ ions. The maximum current density i M for deposition reaction is given by 49) 
where D is the diffusion coefficient of the depositing species M Z+ , c is the concentration of M Z+ ions in the solution, ¤ is the diffusion layer thickness, n is the number of electrons involved in the reaction, and F the Faraday constant. Changing the bath temperature affects the diffusion coefficient D, according to Arrhenius law. 50) The maximum current density increases with bath temperature. Furthermore, the minimum current density in the medium current density regime increases with bath temperature, 25) because the maximum current density i a for adsorption of hydrogen is also affected by bath temperature. In summary, increasing bath temperature shifts each current density to the high region, while decreasing bath temperature shifts each current density range to a low region. It is noted that evaporation of the solution accelerates at higher bath temperatures, and the solvent vapor may inhibit the deposition reaction in the same way as gaseous hydrogen.
As pH decreases, the increase in hydrogen ion concentration promotes the adsorption of hydrogen leading to extension of the inhibited-out growth mode range. The increase in the hydroxide ion concentration associated with higher pH value promotes the co-deposition of hydroxide leading to extension of the inhibited lateral growth mode range.
Conclusions
Electrodeposited NiW alloys were used as a model system to develop a strategy for the producing electrodeposited bulk nanocrystalline metals having fcc structures with high ductility. Electrodeposited bulk nanocrystalline Ni W alloys with different orientations have similar carbon and sulfur contents, grain sizes, and meso-scale structures, while these alloys have varying levels of defects and hydrogen contents of 0.020.44 at%. The variation of the hydrogen content and defects can be expected by considering the effect of growth processes during electrodeposition. This study indicates that artifact-free electrodeposited metals can be prepared from a free lateral growth mode, while other inhibited growth modes are inhibited by hydrogen, which introduces nano-or micro-cracks into the electrodeposits. Our discussion of NiW alloys identifies the conditions necessary for electrodeposited nanocrystalline fcc metals to exhibit high tensile ductility, specifically thickness greater than 1 mm and (200) orientated structures. These features are predictive of high tensile ductility in a number of nanocrystalline fcc metals. It is hoped this study will guide research and help the realization of highly ductile electrodeposited nanocrystalline fcc metals. Fig. 9 Correlation chart, showing "principle of design" for producing bulk nanocrystalline metals with high strength and high ductility, illustrates how electrodeposition parameters approximately affect to growth mode during electrodeposition (or orientation of resulted electrodeposits).
